Grapevine virus A (GVA), a species of the recently established genus Vitivirus, consists of an ϳ7.3-kb single-stranded RNA genome of positive polarity, organized into five open reading frames (ORFs). The virus, which is closely associated with the grapevine rugose wood disease complex, has been poorly investigated genetically. We explored the production of viral RNAs in a GVA-infected Nicotiana benthamiana herbaceous host and characterized one nested set of three 5Ј-terminal sgRNAs of 5.1, 5.5, and 6.0 kb, and another, of three 3Ј-terminal sgRNAs of 2.2, 1.8, and 1.0 kb that could serve for expression of ORFs 2-3, respectively. Neither 3Ј-nor 5Ј-terminal sgRNAs, which would correspond to ORF5, was detected, suggesting that expression of this ORF occurs via a bi-or polycistronic mRNA. The 5Ј-terminal sgRNAs were abundant in dsRNA-enriched extracts. Cloning and sequence analysis of the 3Ј end of 5.5-kb 5Ј-terminal sgRNA and the 5Ј end of the 1.8-kb 3Ј-terminal sgRNA suggested that a mechanism other than specific cleavage was involved in production of these sgRNAs. Apparently, the production of the 5Ј-and 3Ј-terminal sgRNAs was controlled by sequences upstream of the 5Ј-terminus of each of ORFs 2-4. Detection of both plus and minus strands of the 5Ј-and 3Ј-terminal sgRNAs, though in different levels of accumulation, suggested that each of these cis-acting elements is involved in production of four RNAs: a 3Ј-terminal plus-strand sgRNA which could act as an mRNA, the corresponding 3Ј-terminal minus-strand RNA, a 5Ј-terminal plus-strand sgRNA, and the corresponding 5Ј-terminal minus-strand RNA.
Introduction
Single-stranded RNA viruses have evolved a variety of strategies for expression of their genomes such as translational frameshift or read-through proteins, processing of polyproteins, multipartite genome, and production of subgenomic RNAs (sgRNAs) (Buck, 1996) . The sgRNAs allow the expression of internal genes by transcription from the full-length minus RNA. They are known to be 5Ј-terminally truncated 3Ј-coterminal species and, generally, each sgRNA serves to translate one viral gene, which is located at its 5Ј-terminus. However, some sgRNAs of luteoviruses (Tacke et al., 1990; Dinesh-Kumar et al., 1992) , tombusviruses (Rochon and Johnston, 1991) , and hordeiviruses (Zhou and Jackson, 1996) direct the expression of two genes nested in different reading frames. The sgRNAs are used by viruses with both monopartite and divided genomes. Their number varies among virus groups, from just 1 in bromoviruses and dianthoviruses to 6 to 10 in closteroviruses (Agranovsky, 1996; Buck, 1996; Hilf et al., 1995; Peremyslov and Dolja, 2002) .
The mechanism of sgRNA synthesis has been examined in several plant viruses . Among these sgRNAs are those encoding the coat proteins of Tobacco mosaic virus (TMV) (Palukaitis et al., 1983) and Cucumber mosaic virus (CMV) (Jaspars et al., 1985) . Two mechanisms have been proposed. In the first, while making the minus-strand RNA by RdRp, premature termination could lead to the formation of minus forms of sgRNA that can serve as templates to generate the plus forms (Sit et al., 1998) . Support for this hypothesis was provided by inves-tigation of sgRNA synthesis that has been described for some Nidovirales (Sethna et al., 1989; Sawicki and Sawicki, 1990) . Recently, Price et al. (2000) demonstrated that mutating the first nucleotide of the sgRNA of the Nodaviridae member Flock house virus (FHV) selectively inhibited production of the positive-but not of the negative-strand sgRNA, which suggests that synthesis of the negativestrand sgRNA is performed by a termination mechanism rather than by promotion. The second model, which tends to be favored by most experimental tests, is that the plus forms of the sgRNA could have been generated via internal initiation of the replication complex on the minus genomic RNA strands (Miller et al., 1985) . Thus, sgRNAs that contain at their 3Ј end the elements required for promotion of the minus form of RNA would be produced.
In addition to 3Ј-terminal sgRNAs, a few viruses were found to produce 5Ј-terminal sgRNAs, though their functions have not been assigned yet. Double-stranded RNA (dsRNA) extracts isolated from Apple chlorotic leaf spot virus (ACLSV)-infected plants (German et al., 1992) contain two dsRNA species of 6.4 and 5.4 kb, which were 5Ј-coterminal with the 7.5-kb full-length replicative form (RF). Recently, Vives et al. (2002) reported that Citrus leaf blotch virus (CLBV)-infected plants contain sgRNA coterminal with the 5Ј end of the genomic RNA. The negative strand of the CLBV 5Ј-coterminal sgRNA is detectable only in dsRNA-enriched extracts (Vives et al., 2002) . Citrus tristeza virus (CTV), the largest known single-strand RNA plant virus, produces both short (700 -850 nucleotides) (Mawassi et al., 1995) and large (Ͼ10 kb) (Che et al., 2001) 5Ј-terminal sgRNAs. Yet, only the positive strands of these sgRNAs have been detected (Gowda et al., , 2003 . Association of a single-stranded 5Ј-terminal RNA was also reported for the Sindbis virus (SIN) (Wielgosz and Huang, 1997) . The abundance of the SIN 5Ј-terminal RNA, designated RNA II, is influenced by the SIN subgenomic mRNA transcription: strong or active promoters tend to increase the abundance of RNAII more than weak or less active promoters (Wielgosz and Huang, 1997) .
Vitivirus, a recently established genus of plant viruses , includes four definite species: the type species of the genus Grapevine virus A (GVA), Grapevine virus B (GVB), Grapevine virus D (GVD), and Heracleum latent virus (HLV) . Grapevine virus C (GVC), however, is tentatively assigned to the genus. GVA is closely associated with the rugose-wood disease complex of grapevine . It is spread by propagation and transmission by mealybugs, and it has filamentous particles about 800 nm long and is considered to be a phloemassociated virus (Rosciglione et al., 1983; Tanne et al., 1989) . Some isolates of GVA have been mechanically transmitted to herbaceous plants (Monette and James, 1990) .
The complete nucleotide sequence of GVA has been determined . The virus has a single-stranded RNA genome of about 7.3 kb and a poly (A) tail at the 3Ј-terminus. The genome consists of five open reading frames (ORFs). ORF1, located at the 5Ј-region of the genome, encodes a 194-kDa polypeptide with conserved motifs of replication-related proteins of the "Sindbis-like" supergroup of positive-stranded ssRNA viruses. Mutations introduced into each of the ORFs 2-5 did not affect replication of the genomic RNA in protoplasts (Galiakparov et al., 2003) . ORF2 encodes a protein of 19 kDa, with no significant homology with any other known proteins. ORF3 encodes a polypeptide of 31 kDa, with amino acid similarity to putative movement proteins from the 30K superfamily Rubinson et al., 1997) . The protein encoded by ORF4 is the coat protein. ORF5 encodes a small protein of 10 kDa, with unknown function. However, the corresponding ORF5 of the closely related Vitivirus GVB shares homology with small, 3Ј-terminal polypeptides of various plant viruses that contain the zinc finger domain of nucleic acid binding proteins .
Although an infectious clone of GVA has been developed (Galiakparov et al., 1999; Saldarelli et al., 2000) , the regulation of gene expression and the synthesis of viral sgRNAs have not been investigated. In the present study we characterized two nested sets of sgRNAs produced in GVAinfected cells: one comprising three 5Ј-terminal sgRNAs and the other comprising three 3Ј-terminal sgRNAs. Both the 5Ј-and the 3Ј-terminal sgRNAs were found to be present in their negative form in dsRNA-enriched extracts. In GVA-infected protoplasts, the accumulation of the plus and minus forms of the 5Ј-and the 3Ј-terminal sgRNA was observable, though in different levels. We demonstrated that production of 5Ј-and 3Ј-terminal sgRNAs was directed by sequences that appear to be internal cis-acting elements. In addition, we were not able to detect either 3Ј-or 5Ј-terminal sgRNAs which would correspond to the extreme 3Ј gene of GVA (ORF5), suggesting that expression of this gene does not occur via a monocistronic mRNA.
Results

Analysis of GVA double-stranded RNAs
To examine viral RNA molecules associated with GVA infection, dsRNA was extracted from Nicotiana benthamiana plants infected with the GVA isolates collected from South African vineyards: GTR1-1, GTR1-2, and GTR1-3 (Goszczynski and Jooste, 2002) . The dsRNA extracts were analyzed by polyacrylamide gel electrophoresis (PAGE) and silver staining (Fig. 1) . The dsRNA-enriched extract included, in addition to the RNA with the genomic size (7.3 kb), three high-molecular-weight dsRNA species (Ͼ5.0 kb) that will be referred to here as dsRNA1, dsRNA2, and dsRNA3. In addition, small dsRNAs of less than 2.0 kb were occasionally detectable (data not shown). The dsRNAs varied in their abundance among the tested GVA isolates. The genomic RNA was detected in large quantities in plants infected with the isolates GTR1-1 and GTR1-3, but its concentration was considerably less in GTR1-2-infected plants. In GTR1-1-infected plants, the dsRNA1, dsRNA2, and dsRNA3 were barely detected, compared with the genomic RNA. The dsRNA1, in plants infected with GTR1-2 or with GTR1-3, was more abundant than dsRNA2 and dsRNA3. Plants infected with GTR1-3 showed high intense bands of the genomic RNA and dsRNA1. These results demonstrated remarkable variation of the dsRNA patterns observed for different GVA isolates, suggesting that their production was differently controlled. Alternatively, the results shown in Fig. 1 would suggest that GTR1-3 population was generated by mixed infection with the GVA isolates GTR1-1 and GTR1-2.
Because the dsRNAs shown in Fig. 1 could have originated from more than one population of GVA (Goszczynski et al., 1996b) , for the next experiments we used dsRNA extracted from N. benthamiana plants infected with in vitro synthesized RNA transcribed from the full-length infectious GVA clone pGR-5. The silver staining of PAGE containing dsRNAs extracted from GR-5-infected tissue generally revealed the RNA with genomic size and three weakly detectable dsRNA species which resembled dsRNA1, dsRNA2, and dsRNA3 (data not shown).
To examine whether the detected RNA species were GVA-specific, the GR-5 dsRNA-enriched extract was analyzed by formaldehyde agarose gel electrophoresis and hybridization with 5Ј-980 nucleotides (nts) and 3Ј-940 nts GVA-specific RNA probes (Fig. 2) . The use of the 5Ј-and the 3Ј-specific probes allowed the detection of the fulllength genomic RNA and distinction of 5Ј-and the 3Јterminal sgRNAs, respectively. The 3Ј-probe hybridized with the RNA with the genomic length (ϳ7.3 kb) and with three smaller RNAs, with estimated sizes of 1.0, 1.8, and 2.2 kb ( Fig. 2A ). Among these small sgRNAs, which were designated as 3Ј-terminal sgRNAs, the 1.8-kb sgRNA often showed the highest signal intensity. The 5Ј-specific probe revealed a profile of bands similar to that exposed by silverstained dsRNA (Fig. 2B ). In addition to the 7.3-kb genomic RNA, this probe hybridized with three large RNAs with estimated sizes of about 5.1, 5.5, and 6.3 kb.
GVA-infected plants contain 5Ј-and 3Ј-terminal sgRNAs
For further investigation of the composition of the large sgRNA molecule, we performed analysis by Northern blot hybridizations of GVA dsRNA, with different probes specific to different sequences within the genomic RNA ( Fig.   Fig. 1 . Double-stranded RNA analysis of Grapevine virus A (GVA) isolates GTR1-1, GTR1-2, and GTR1-3 collected from South Africa. The dsRNA was extracted from Nicotiana benthamiana infected plants and analyzed by polyacrylamide gel electrophoresis and silver staining. The positions of the genomic RNA (g) and the dsRNAs 1, 2, and 3 are indicated. Fig. 2 . Northern blot hybridization of GVA RNAs extracted from N. benthamiana plants infected with in vitro synthesized RNA transcribed from the full-length infectious GVA clone pGR-5 with GVA 3Ј-(A) and 5Ј-(B) positive-stranded RNA-specific probes. Two RNA extracts (numbered 1 and 2) from different infected plants were examined. CTV, Citrus tristeza virus dsRNAs hybridized with a CTV 3Ј-specific RNA probe, used as molecular weight markers. The position of the genomic RNA (g) and the RNA sizes in kb are indicated at the sides.
3). Similar to the 3Ј-specific probe described above, both ORF4-and ORF5-specific probes hybridized with the genomic RNA but with none of the large sgRNAs. In addition, ORF4-and ORF5-specific probes hybridized with the three 3Ј-terminal sgRNAs with lengths of 1.0, 1.8, and 2.2 kb. The ORF3-specific probe hybridized with the genomic RNA and with a large sgRNA of 6.3 kb. Among the 3Ј-terminal sgRNAs, the ORF3-specific probe hybridized with those of 1.8 and 2.2 kb. The probe specific to ORF2 hybridized with the genomic RNA, two large sgRNAs of 5.5 and 6.3 kb, and with one 2.2-kb 3Ј-terminal sgRNA species. The probe specific to the 5Ј-terminus of the genomic RNA showed hybridization signals with the genomic RNA and with three large sgRNAs of 5.1, 5.5, and 6.3 kb, but not with any of the 3Ј-terminal sgRNAs. These results suggested that GVA-infected plants contain, in addition to the full-length genomic RNA, two nested sets of sgRNAs: three 5Ј-terminal sgRNAs with the lengths 5.1, 5.5, and 6.3 kb that share the sequence of the 5Ј end of the genomic RNA but differ in their 3Ј-termini, and at least three 3Ј-terminal sgRNAs with the lengths 1.0, 1.8, and 2.2 kb that share the sequence of the 3Ј end of the genomic RNA but differ in their 5Ј-termini. The 2.2-kb 3Ј-terminal sgRNA included the sequence extended from ORF2, which is predicted to be the 5Ј-proximal ORF, to the 3Ј end of the genomic RNA, whereas the 1.8-kb 3Ј-terminal sgRNA consisted of the sequence extended from ORF3 to the 3Ј end of the genomic RNA. The 1.0-kb 3Ј-terminal sgRNA comprised the sequence extended from ORF4 to the 3Ј end of the genomic RNA. Nonetheless, the ORF5-specific probe did not enable us to be certain that we detected a 3Ј-sgRNA species with ORF5 mapped to its 5Ј-terminus.
Examining the plus and minus forms of GVA sgRNAs
To examine whether the 5Ј-terminal sgRNAs detected in dsRNA-enriched extracts were present in the plus and the minus forms, Northern blotting and hybridization analysis were done with 5Ј-minus-and 5Ј-plus-specific RNA probes, and with 3Ј-minus and 3Ј-plus-specific RNA probes. Fig.  4A shows that the 5Ј-and the 3Ј-terminal RNAs were detectable in dsRNA-enriched extracts in both the plus and the minus forms ( Fig. 4A ), though with unequal proportions. Northern blot and hybridization analysis carried out with total nucleic acids, extracted from GR-5-infected protoplasts ( Fig. 4B ), revealed detectable plus-polarity 5Ј-ter- minal sgRNAs ( Fig. 4B , I), but faint signals of minus strands were observable after a long exposure of film ( Fig.  4B , II). The 3Ј-plus-specific RNA probe hybridized with the genomic RNA and with 1.0-and 1.8-kb 3Ј-terminal sgRNAs (Fig. 4B, III) . In a few of our experiments, the 2.2-kb 3Ј-terminal sgRNA was observable as well, though in a weak concentration. The use of the 3Ј-minus-specific RNA probe revealed barely detectable bands, suggesting low accumulation of minus strands of the 3Ј-terminal sgRNAs in GR-5-infected protoplasts (Fig. 4B , IV). The kinetics of accumulation of genomic-and sgRNA in GVAinfected cells remain to be elucidated.
Determination of the 3Ј end of the 5.5-kb 5Ј-terminal sgRNA
Usually, hybridization analysis of RNA extracted from GR-5-infected N. benthamiana plants showed that the 5.5-kb RNA was the most abundant species among the 5Ј-terminal sgRNAs. Therefore, this sgRNA was selected for precise mapping of its 3Ј end. The dsRNA extracted from GR-5-infected N. benthamiana plants was denatured with methyl mercuric hydroxide and polyadenylated. The cDNA was synthesized and amplified by PCR as described under Materials and methods. The resultant RT-PCR products were cloned into pDrive vector (QIAGEN) and sequenced.
Amplification of the cDNA with the primer pairs GVA014 plus M19870 and GVA231348 plus M19870 (see Fig. 3 and Table 1 for primer positions) resulted in products with estimated sizes of about 250 and 430 nts, respectively. The fact that the sequences of sense-form primers GVA014 and GVA231348 were located about 350 and 530 nts upstream of the MP start codon indicated that the 3Ј end of the 5Ј-terminal sgRNA would be mapped to about 100 nts upstream of the start codon of the MP gene.
Sequence analysis of 12 cDNA clones indicated that the 3Ј end was located 87-129 nts upstream of the MP start codon (positions 5522 to 5564) ( Fig. 5 ). Nine of the cDNAs had their 3Ј end positioned within a region of 4 nts located 87-90 nts upstream of the MP start codon (positions 5561-5564). Among these nine cDNAs, five had an identical 3Ј end located 87 nts upstream of the MP start codon. These results indicated that the molecules of the 5.5-kb 5Ј-terminal sgRNA had essentially a similar length, with the 3Ј end mapped near to the putative MP sgRNA promoter. 
Determination of the 5Ј end of the 1.8-kb 3Ј-terminal sgRNA
If the 5Ј-terminal sgRNA, present in dsRNA-enriched extract, was generated via cleavage of the genomic-size RF, then a population of 3Ј-terminal dsRNA with a length added to that of the full-length would be produced. The added size to the full length of the 5.5-kb 5Ј-terminal sgRNA is the 1.8 kb. To determine the 5Ј end of the 1.8-kb 3Ј-terminal sgRNA, a polyadenylated dsRNA was used as a template for cDNA synthesis with M36141 primer followed by PCR amplification with the primers M19870 plus GVA1149 and cloning into pDrive vector. Amplification of the cDNA with the primer pair M19870 plus GVA1149 (see Fig. 3 and Table 1 for primer positions) resulted in a PCR product with a size about 670 nts. The fact that the sequence of the Table 1 The nucleotide sequences of primers used for in this study
Primer code
Sequence
a Sequences in italics represent restriction enzyme sites. b Nucleotide numbering according to GVA sequence obtained from sequencing of pGR-5 clone (GenBank Accession No. AY244516). NA, not applicable. primers GVA1149 was located 615 nts downstream of the MP start codon indicated that the 5Ј end of the 3Ј-sgRNA would be mapped to about 55 nts upstream of the start codon of the MP gene. Sequence alignment of 10 cloned cDNAs with the sequence of GVA showed that the 5Ј end of the MP 3Јterminal sgRNA was located 19 -82 nts upstream of the MP start codon (Fig. 5 ). Four of the 10 cDNAs had their 5Ј end positioned 53-56 nts upstream of the MP start codon. Interestingly, the 5Ј end of two of the cDNAs was (C) ( Fig. 5) , which would suggest the presence of an extra (G) ligated to the (U) at position 5599 in the 3Ј end of the minus-strand RNA molecules, resembling the extra (C) mapped to the 5Ј end of sgRNAs described for other viruses (Karasev et al., 1997; Yang et al., 1997) . Alternatively, this (C) residue could be generated by mutation of the corresponding (U) residue in the genomic RNA (position 5598), which could have occurred through the RT-PCR process.
To map the exact 5Ј end of the majority of the MP 3Ј-terminal sgRNA molecules, a runoff transcription reaction was performed with total RNA extracted from GVAinfected N. benthamiana plants (Fig. 6 ). The results demonstrated that the primer extension reaction was interrupted 52 nts upstream of the MP start codon, suggesting that the majority of the 3Ј-terminal sgRNA molecules had a 5Јterminus of the (A) residue corresponding to the position 5599 of the genomic RNA.
Production of GVA sgRNA is affected by internal controller elements
Subgenomic RNA promoters can range from 24 nts (Wang and Simon, 1997) to over 100 nts (Balmori et al., 1993; Koev and Miller, 2000; van der Vossen et al., 1995) . They are usually located immediately upstream of the 5Ј end of the resulting sgRNA. Because the 3Ј end of the 5.5-kb 5Ј-terminal sgRNA and the 5Ј end of the 1.8-kb 3Ј-terminal sgRNA were mapped within a short nucleotide sequence upstream of the start codon of the MP gene, we considered that this region probably includes sequences of the MP sgRNA promoter. To examine this possibility, we made a GVA construct (pGVA42-2) with the sequence from position 5313 to 6228 deleted ( Fig. 7A ) and examined the transcribed RNA for replication and production of sgRNAs in protoplasts. This deletion of the 3Ј-393 nts of ORF2 and the 5Ј-577 nts of MP gene (ORF3) (Fig. 7A ) resulted in suppression of one 5Ј-and one 3Ј-terminal sgRNA species (Fig. 7B, lane 2) . In addition to the 6.3-kb genomic RNA, two of each 5Ј-and 3Ј-terminal sgRNA were produced. Their sizes were 5.1 and 5.3 kb and 1.0 and 1.2 kb, respectively. Obviously, these results indicated that the deleted fragment contained cis-acting elements, which directed production of the 5.5-and 1.8-kb 5Ј-and 3Ј-terminal sgRNAs. These cis-acting elements will be referred to here as "controller elements," similar to the term reported for CTV .
Further deletion of the sequence from position 5313 to 7252 resulted in a GVA construct (pGVA44-2) composed of the sequences of the 5Ј-and the 3Ј-nontranslated regions (NTRs), ORF1, and the 5Ј-137 nts of ORF2 (Fig. 7A) . Transfection of protoplasts with the transcribed RNA of GVA44-2 resulted in the accumulation of the genomic RNA of ϳ5.4 kb and the 5Ј-terminal sgRNA of 5.1 kb (Fig. 7B,  lane 3) . In our conditions, we were not able to detect with certainly the predicted 0.24-kb 3Ј-terminal sgRNA (the ϳ0.1-kb 3Ј-NTR plus the 5Ј-0.14 kb of ORF2). Nevertheless, this deletion resulted in suppression of the 5.5-and the 6.3-kb 5Ј-terminal sgRNAs, which were produced by the wild-type GR-5. These results suggested that production of the 5.1-kb 5Ј-terminal sgRNA was controlled by a sequence mapped near to the 5Ј-terminus of ORF2. To examine this possibility, we made a deletion extended from 23 nts upstream of the ORF2 (position 5154) to the nucleotide 7252, resulting in a GVA construct (pGVA83-10) composed of the 5Ј-and 3Ј-NTRs and of ORF1 that lacked the 3Ј-54 nts (Fig. 7A) . Transfection of protoplasts with the transcribed Fig. 6 . Analysis of the 5Ј-termini of the 1.8-kb 3Ј-terminal sgRNA.
[␥ 32 P]ATP-labeled GVA205039 primer was used for cDNA extension. The reaction mix (1) was separated on a 6% polyacrylamide electrophoresis gel and run in parallel with a size marker (2) consisting of the sequencing product of GVA cDNA obtained with primer GVA205039. The RNA sequence is shown on the positive strand from the 5Ј-direction to the 3Ј-direction. Nucleotide positions are indicated. The arrow with the dotted line and the boxed (A) residue show the 5Ј-terminus of the 1.8-kb 3Јterminal sgRNA.
RNA of GVA83-10 resulted in the accumulation of the genomic RNA of ϳ5.2 kb, demonstrating that sequences of GVA 3Ј-ORFs were dispensible for RNA replication (Fig.  7B, lane 4) . None of 5Ј-terminal sgRNAs were detectable, indicating that the deleted sequence, which was near to the 5Ј-terminus of ORF2, controls the production of the 5.1-kb 5Ј-terminal sgRNA (Fig. 7B, lane 4) .
For further examination of the effects of the internal controller elements on production of sgRNAs, we intended to construct a GVA cDNA clone with duplicated cis-acting controller elements. The clone (pGVA46-3) was designed with a duplicated sequence region of about 300 nts that was expected to include the presumed ORF5 sgRNA promoter, supplemented with restriction sites, as illustrated in Fig. 8A . The sequence between the nucleotides 5384 and 5661 was inserted between the restriction sites downstream of the CP ORF (Fig. 8A ). This sequence included 267 and 8 nts upstream and downstream of the MP start codon, respectively, and probably contained the cis-acting controller elements that function in the production of sgRNAs. The resulting cDNA clone (pGVA49-2) was transcribed and the RNA was transfected to N. benthamiana protoplasts. The RNA accumulation was examined by Northern blot and hybridization analysis with a 3Ј-or 5Ј-specific RNA probe (Fig. 8B) .
Apparently, duplication of the sequence with the presumed promoter sequence of ORF5 sgRNA did not result in generation of additional 5Ј-or 3Ј-terminal sgRNAs (Fig.  8B, lane 1) . The RNA transcribed from pGVA46-3 produced 7.6-kb genomic RNA, same 5Ј-terminal sgRNA pattern as wild-type, and three 3Ј-terminal sgRNAs with lengths 1.3, 2.1, and 2.6 kb corresponding to the typical 3Ј-terminal sgRNAs produced by the wild-type GVA, with the insertion of ϳ300 nts (Fig. 8B, II, lane 1) . Insertion of 278 nts located mostly upstream of the MP start codon (GVA49-2) resulted in the accumulation of additional 5Јand 3Ј-terminal sgRNAs, with estimated lengths of 7.2 and 0.7 kb, respectively (Fig. 8B, lanes 2 and 3) . The 7.2-kb sgRNA species was also detected with the 3Ј-specific RNA probe that also contains the ORF4 (CP gene) sequence (Fig.  8B, II, lanes 2 and 3) , which demonstrates that the newly synthesized large 5Ј-terminal sgRNA was further elongated to include the ORF4 sequence and ended upstream of the added second copy of the MP sgRNA controller element. Taken together, these results indicated that the sequence close to the end of ORF5 was not involved in production of 2 and 3) with the GVA 5Ј-(I) and the 3Ј-(II) probes specific to the positive-strand RNA. The position of the genomic RNA (g) and the RNA sizes in kb are indicated at the sides. Note that the 3Ј-specific probe, consisting of ORF4, ORF5, and the 3Ј-NTR sequences, reacted with the 7.2-kb 5Ј-terminal sgRNA produced by GVA49-2, indicating that this RNA contains sequences of ORF4 at its 3Ј end. either 5Ј-or 3Ј-sgRNAs, which supports the hypothesis that the GVA genome lacks internal controller element (promoter and/or terminator) functions for production of an ORF5 sgRNA. However, the sequences located near to the 5Ј end of ORF3 (in GVA49-2) contained cis-acting controller elements that resulted in the synthesis of additional 5Јand 3Ј-terminal sgRNAs.
Discussion
Synthesis of multiple sgRNA molecules is an often used strategy of many RNA viruses to express viral genes. In most cases, each of the sgRNAs, which are 3Ј-terminal, serves as an mRNA for translation of only the first 5Јproximal viral gene, even if the mRNA consisted of several ORFs (Buck, 1996) . In the present study we have shown that GVA, which has a genomic RNA comprising five ORFs, produces at least three 3Ј-terminal sgRNAs, with estimated sizes of 1.0, 1.8, and 2.2 kb. In addition, we have shown that GVA-infected cells contain three molecules of 5Ј-terminal sgRNA, of 5.1, 5.5, and 6.3 kb. The 5.1-kb 5Ј-terminal sgRNA included most of ORF1 sequence. The 5.5-kb 5Ј-sgRNA included ORF1 plus most of ORF2 sequences, whereas the 6.0-kb 5Ј-sgRNA was suggested to be composed of ORF1, ORF2, and most of ORF3 sequences. These sgRNAs were detected in dsRNA-enriched extracts in concentrations that varied among different GVA isolates. A similar pattern of four large bands with sizes of 7.6, 6.48, 5.68, and 5.1 kb, which are closely similar to those corresponding to the genomic RNA and to the three 5Ј-terminal sgRNAs reported here, was observed by Boscia et al. (1994) and by Abou-Ghanem et al. (1997) in GVA dsRNA extracts.
The dsRNA pattern of the 3Ј-terminal sgRNAs would suggest that the translation of GVA ORFs, excluding ORF1, is through production of sgRNAs. The 5Ј-proximal genes on the 2.2-, 1.8-, and 1.0-kb 3Ј-terminal sgRNAs were those corresponding to ORF2, ORF3, and ORF4, respectively, but, nevertheless, we could not clearly detect a 3Ј-terminal sgRNA species with ORF5 at its 5Ј end. It is possible that the 3Ј-proximal GVA gene product, which apparently contains a zinc finger domain of nucleic acid binding proteins (Galiakparov et al., in preparation) , is expressed via a bi-or polycistronic mRNA in a different manner from the expression of the genes on ORF2, ORF3 (MP), or ORF4 (CP), which probably occurred through functionally monocistronic mRNAs. sgRNAs that direct the expression of two genes nested in different ORFs were reported for the Carlavirus, Potato virus M (PVM) (Gramstat et al., 1994) , and for other viruses (Dinesh-Kumar et al., 1992; Rochon and Johnston, 1991; Tacke et al., 1990; Zhou and Jackson, 1996) . The 3Ј-terminal genes of PVM coding for the CP and for a 12-kDa nucleic acid binding zinc finger protein are presumably translated from a single bicistronic sgRNA. The 12-kDa protein was hypothesized to be translated via two translational strategies that involve internal initiation by the replicase and ribosomal frameshifting (Gramstat et al., 1994) .
At present, the mechanism by which GVA 5Ј-terminal sgRNAs are produced remains to be elucidated. One possible mechanism is cleavage of the genomic RNA or the RF dsRNA as previously suggested for ACLSV (German et al., 1992) . Cloning and sequence analysis of the 3Ј end of the 5Ј-terminal sgRNA that is composed of ORF1 and ORF2, indicated that the majority of cloned cDNA molecules (9 of 12) terminated 87-90 nts upstream of the MP start codon, though some (3 of 12) were 15-39 nts shorter. If the 5Јterminal sgRNAs were produced by specific cleavage of the genomic RNA, then populations of 3Ј-terminal sgRNAs, with sizes added up to the full-length genomic RNA, should be produced. However, sequence analysis and the runoff transcription reaction indicated that the majority of the 3Јterminal MP sgRNA molecules, which had the expected added length to that of the corresponding 5Ј-terminal sgRNA, had 5Ј-termini mapped 53-62 nts upstream of the MP start codon. Accordingly, a gap of at least 25 nts separated the 3Ј end of the 5Ј-terminal sgRNA from the 5Ј end of the 3Ј-terminal sgRNA, suggesting that a mechanism other than specific cleavage was involved in generation of the 5Ј-terminal sgRNAs and that their generation was likely to be related to a specific sequence or to a structure presented downstream of the termination region.
Deletion of the 3Ј-393 nts of ORF2 and the 5Ј-577 nts of MP gene resulted in suppression of the 5.5-kb 5Ј-terminal and the 1.8-kb 3Ј-terminal sgRNA species. The GVA44-2 construct contained the 5Ј-137 nts of ORF2, in addition to the sequences of the 5Ј-and 3Ј-NTRs and ORF1, resulted in production of the 5.1-kb 5Ј-terminal sgRNA and suppression of the 5.5-and 6.3-kb 5Ј-terminal sgRNAs. In GVA83-10, elimination of the 5Ј-137 nts of ORF2 and their upstream 23 nts, which probably contain the putative ORF2 sgRNA promoter, suppressed accumulation of that 5.1-kb 5Ј-terminal sgRNA and resulted in detectable accumulation of only the genomic RNA. Moreover, duplication of the fragment that was thought to include sequences of the putative MP sgRNA promoter led to the observation of additional corresponding 5Ј-and 3Ј-terminal sgRNAs. Taken together, these observations suggested that production of GVA sgRNAs is controlled by internal cis-acting controller elements mapped adjacent the 5Ј-terminus of the 3Ј-ORFs 2-4. Yet, we were unable to detect either 3Ј-or 5Ј-terminal sgRNAs corresponding to ORF5, even when the sequence with the predicted sgRNA promoter was duplicated, which suggests that the GVA genome lacks internal controller elements (promoter/terminator) to control the production of ORF5 sgRNA.
An explanation for the generation of the 5Ј-terminal sgRNAs is that the internal sgRNA promoters in the minussense sequence also function as terminators (Fig. 9 ). During replication, the occurrence of premature termination of plus genomic RNA synthesis at the minus-sense sequence of the promoter sequences would release partial genomic RNA molecules. It is possible that during genomic RNA elongation, a replication complex that reaches the internal sgRNA promoter of ORF2, ORF3, or ORF4 could be physically blocked by another replication complex that occupied this promoter and released the 5.1-, 5.5-, or 6.0-kb 5Ј-terminal sgRNA, respectively. Another mechanism that could be suggested for such termination is that RNA secondary structures became folded within the internal cis-acting controller elements and interrupted the action of the replication complex. So far, these controller elements of GVA have not been precisely mapped; therefore, we cannot rule out this possibility, even though in CLBV (Vives et al., 2002) , examination of the predicted secondary structure downstream of 3Ј ends of the 5Ј-RPMP and 5Ј-RP sgRNAs with MFOLD did not reveal any conserved element. Even though the precise mechanism that yielded the 5Ј-terminal sgRNA is unknown, we favor the model that was suggested for CLBV (Vives et al., 2002) and ACLSV (German et al., 1992) , in which premature termination of the genomic RNA replication was associated with transcription promoters acting for production of the 3Ј-terminal sgRNAs. According to this model, replication of the genomic RNA and transcription of the sgRNA occur simultaneously on the same minusstrand template, and replication complexes sometimes pause at the promoter region, dissociate from the minusstrand template, and release noncompleted replication products of the genomic RNA.
In addition to the plus-sense form, Northern blot and hybridization analysis with GVA dsRNA-enriched extracts indicated that the 5Ј-terminal sgRNAs were present in the minus-polarity form also. The origin of these negativestranded RNAs is under investigation, but several explanations can be suggested. It is possible that, in addition to their function as promoters/terminators on the negative-sense genomic RNA, the internal cis-acting controller elements can sometimes also act on the native orientation on the plus-sense genomic RNA for internal initiation and production of negative 5Ј-terminal sgRNAs (Fig.9) . The released minus-sense RNA could form dsRNA by annealing with the corresponding positive-sense 5Ј-terminal sgRNA. Another explanation for the origin of the 5Ј-terminal negative-strand sgRNAs is that, as suggested for CLBV (Vives et al., 2002) , dsRNA molecules of the 5Ј-terminal sgRNAs could be formed by annealing of plus-sense 5Ј-terminal sgRNA molecules with the minus-sense genomic RNA, followed by digestion of the nonhybridized nucleotides during the RNA extraction process.
In our Northern blot and hybridization analyses we have generally observed correlation between the signal intensities The genomic (g) minus-strand RNA (dotted line) contains three 3Ј-ORF cis-acting controller elements (represented by traffic light signs) and a promoter at its 3Ј end (solid wide arrow) that allowed production of positive-strands genomic RNA and 5Ј-terminal sgRNAs (solid wide lines). (C) The genomic plus-strand RNA (solid wide line) contains three 3Ј-ORF cis-acting controller elements (represented by traffic light signs) and a promoter at its 3Ј end (solid wide arrow) that allowed production of negative RNAs (dotted lines). Each of the three internal 3Ј-ORF controller elements act, though in different levels, on the plus and the negative forms of the genomic RNA and allowed transcription promotion (horizontal direction, dotted arrowheads) and/or termination (vertical direction arrowheads) and production of four RNAs: a plus-strand 3Ј-terminal sgRNA, the corresponding minus-strand 3Ј-terminal RNA, a plus-strand 5Ј-terminal sgRNA, and the corresponding minus-strand 5Ј-terminal RNA. of the 5Ј-terminal sgRNA and those of the 3Ј-terminal sgRNAs that have the corresponding added lengths to the genomic RNA. In plants infected with GR-5 GVA, the 5Ј-terminal sgRNA with its 3Ј end upstream of the MP gene was the most abundant among the 5Ј-terminal sgRNAs, and likewise, the 3Ј-terminal MP sgRNA was the most detectable among the 3Ј-terminal sgRNAs. These results suggest that the MP sgRNA controller elements of GR-5 GVA act as the strongest internal subgenomic promoter. Similar observations were reported by Wielgosz and Huang (1997) , who found that strong or active SIN promoters increase the formation of the 5Ј-terminal RNA (RNA II).
Recently, Gowda et al. (2001) reported that the CTV genome contains at least nine internal 3Ј-ORF controller elements, and that each produces three different RNAs: a 3Ј-terminal plus-strand sgRNA that acts as an mRNA, the corresponding minus-strand sgRNA, and a 5Ј-terminal plusstrand sgRNA. Additionally, CTV genome contains a different 5Ј-proximal controller element that produces only the two plus-strand sgRNAs but no minus-strand RNA (Gowda et al., 2003) . GVA produced four RNAs of each of the two classes 5Ј-and 3Ј-terminal sgRNAs, suggesting that the genome contains three controller elements that are apparently mapped adjacent to the 5Ј-terminus of each of the 3Ј-ORFs, excluding ORF5. Detection of the plus and the minus forms of the 5Ј-and the 3Ј-terminal sgRNA would suggest that the GVA 3Ј-ORF controller elements differ from those described for CTV and that each is involved in production of four RNAs, though at different levels: a 3Јterminal plus-strand sgRNA that could act as an mRNA for the adjacent ORF, and the corresponding minus-strand RNA, a 5Ј-terminal plus-strand sgRNA, apparently generated because of termination occurred near the controller element during genomic RNA replication, and the corresponding minus-strand RNA, probably produced by internal initiation on the plus-strand genomic RNA (Fig. 9) .
The 5Ј-terminal sgRNA species, which exists in the plussense and the minus-sense forms makes up an unusual feature observed for GVA, for the Trichovirus genus ACLSV (German et al., 1992) and for CLBV (Vives et al., 2002) , whose genomic organization resembles that of the genus Trichovirus. Large-molecular-weight dsRNAs resembling the GVA 5Ј-terminal sgRNAs are observable within dsRNA extracts of the Vitiviruses GVB (Abou-Ghanem et al., 1997; Goszczynski et al., 1996a) , and GVD (Abou-Ghanem et al., 1997) , the Carlaviruses: Red clover vein mosaic virus, Dandelion latent virus, Pea streak virus, Potato virus S, and Kalanchoe latent virus (see figs. in Valverde et al., 1986 and in Dodds et al., 1984) . Prior to its taxonomic designation as a Vitivirus member, GVA was reported as a tentative member of the Trichovirus genus, as it was phylogenetically related to ACLSV (German et al., 1990; Sato et al., 1993) and to PVT (Ochi et al., 1992) . Regardless of the undetermined biological role of the 5Јterminal sgRNAs, an equivalent production of 5Ј-and 3Јterminal sgRNAs may represent a distinguishing character-istic which could have importance in the classification of the three genera, Vitivirus, Trichovirus, and Carlavirus, which so far have not been assigned to any family.
Materials and methods
Virus isolates and sap extraction
GVA was propagated in N. benthamiana plants under greenhouse conditions. The source and origin of the isolate have been described previously (Galiakparov et al., 1999) . The origin of the South African GVA isolates GTR1-1, GTR1-2, and GTR1-3 was described by Goszczynski and Jooste (2002) .
Crude extracts from infected plants were prepared by grinding 1 g of leaves in the presence of liquid nitrogen in a mortar and pestle. The powder was extracted in 5 ml of 100 mM potassium phosphate buffer, pH 7.0. The extract was centrifuged at 4000 g at 4°C for 5 min followed by 10 min at 8000 g. The supernatant was used as inoculum for plant infection. Galiakparov et al. (1999) described a biologically active full-length GVA cDNA assembled into pBluescript KSϩ (Stratagene, La Jolla, CA) vector. This clone (pGVAN3) contained a duplicated T7 RNA promoter, and as a result, two populations of RNA would have been produced in the in vitro transcription reactions. Therefore, we have assembled the full-length infectious GVA cDNA into pUC57 (MBI Fermentas) under a single copy of the T7 RNA promoter. The resultant clone, designated pGR-5, was sequenced (GenBank Accession No. AY244516) and used for the subsequent experiments in the present study.
GVA constructs and in vitro transcription
PCRs used for this study were carried out with PfuTurbo (Stratagene) or Vent (New England Biolabs, Inc.) DNA polymerase enzymes to produce blunt-ended PCR products. The GVA mutant GVA42-2 ( Fig. 7A) , in which the sequence 5313-6228 was deleted, was obtained by amplification of the PCR product of GVA with the primers GVA017 plus GVA021, digestion with AvrII and SalI, and cloning into similarly digested pGR-5. The deletion mutant GVA44-2 ( Fig. 7A) was obtained by cloning of the PCR products amplified with the primers GVA019 plus GVA021 (Table 1) into AvrII-and SalI-digested pGR-5. This GVA mutant contained the 5Ј-NTR, ORF1, the 5Ј-137 nts of ORF2 and the 3Ј-NTR. The construct pGVA83-10 ( Fig. 7A) was obtained by amplification of the PCR product with the primers GVA034 plus GVA035, digestion with NcoI and AvrII, and cloning into similarly digested pGVA44-2. GVA83-10 contained the 5Ј-NTR, ORF1 lacking its 3Ј-54 nts and the 3Ј-NTR. The construct pGVA46-3 was initially constructed to be used as a cloned virus expression vector. The primers GVA003 plus GVA021 (Table 1) were used to amplify the 3Ј-280 nts of the GVA cDNA. The PCR product was digested with the restriction endonucleases BssHII and SalI and cloned into similarly digested pGR-5. The resultant clone pGVA26-1 included newly introduced restriction enzyme sites within the ORF5 sequence. Next, a GVA PCR fragment, amplified by GVA020 plus GVA021 primers (Table 1) , was digested with NotI and SalI and cloned into similarly digested pGVA26-1 to produce pGVA46-3 with duplicated sequences that were expected to include the presumed ORF5 sgRNA promoter, supplemented with several restriction enzyme sites (Fig. 8A) .
A sequence that was expected to include the putative MP sgRNA promoter was cloned into pGVA46-3 to produce the construct pGVA49-2 (Fig. 8A) . This was done by digestion of a GVA PCR product, which was amplified with the primers GVA022 plus GVA023 (Table 1) , with NotI followed by cloning into pGVA46-3 digested with NotI and KspAI.
Plasmid DNA was prepared with the QIAGEN Plasmid Midi Kit according to the manufacturer's instructions. In vitro transcription was carried out in 25 l of a mixture consisting of 1.5 g SalI-linearized plasmids, 40 mM Tris-HCl pH 7.9, 20 mM DTT, 8.5 mM MgCl 2 , 2 mM spermidine, 1.2 mM of each of ATP, CTP, UTP, and Cap analog (m 7 G[5Ј]ppp[5Ј]G) (Epicentre Technologies), 0.048 mM GTP, 20 U rRNasin ribonuclease inhibitor (Takara Biomedicals, Shiga, Japan), and 20 U T7 RNA polymerase (MBI Fermentas). The reaction was incubated for 15 min at 37°C; the GTP was increased to 0.5 mM and there was an additional 1 h and 45 min of incubation at 37°C. Freshly prepared in vitro transcripts were used directly for inoculation of N. benthamiana protoplasts or plants without further purification.
Protoplast isolation and inoculation
Protoplasts were isolated from fully expanded leaves of N. benthamiana and transfection was carried out according to Navas-Castillo et al. (1997) . Briefly, following harvest, 5ϫ 10 5 protoplasts were inoculated with 25 l of transcription reaction by mixing for 20 -30 s with 0.5 ml of 30% PEG8000 (Sigma) prepared in 0.75 MMC (750 mM Dmannitol, 5 mM MES, 10 mM CaCl 2 , pH 5.8) followed by addition of 5 ml 0.6 MMC (600 mM D-mannitol, 5 mM MES, 10 mM CaCl 2 , pH 5.8). After 15 min incubation at room temperature, the protoplasts were centrifuged at 100 g for 3 min, washed with 5 ml protoplast culture medium [600 mM D-mannitol, 5 mM MES, 2% sucrose, Murashige and Skoog medium (Duchefa, Haarlem, Netherlands), 0.7ϫ antibiotic antimycotic solution (Sigma) pH 5.6], resuspended in 1.5 ml protoplast culture medium, and incubated for 48 h under fluorescent light at 26°C in six well plates coated with a thin layer of 1% agarose prepared in 13% D-mannitol solution.
RNA extraction and analysis
GVA dsRNA-enriched extract was isolated from leaves of GVA-infected N. benthamiana plants by phenol extraction and CF-11 column chromatography and was analyzed by polyacrylamide gel electrophoresis and ethidium bromide or silver staining as described in Dodds and Bar-Joseph (1983) . The dsRNA, in a 5-l sample, was analyzed by agarose gel electrophoresis and Northern blot hybridization. CTV dsRNAs hybridized with a CTV 3Ј-specific RNA probe (Navas-Castillo et al., 1997; Che et al., 2002) were used as molecular weight markers.
Total nucleic acids were extracted from N. benthamiana protoplasts as described by Navas-Castillo et al. (1997) , resuspended in 50 l dH 2 O, and a 4-l sample was analyzed by agarose gel electrophoresis and Northern blot hybridization.
Northern blotting and hybridization analysis
Total nucleic acids extracted from N. benthamiana protoplasts and GVA dsRNA were analyzed by agarose gel electrophoresis and Northern blot hybridization as described previously by Lewandowski and Dawson (1998) . Digoxigenin-labeled UTP (Roche Molecular Biochemicals) strandspecific riboprobes were prepared according to the manufacturer's instructions and used to detect GVA RNAs. Probing of the membrane with antidigoxigenin alkaline phosphatase Fab fragment and developing with CSPD chemiluminescent substrate were carried out according to the manufacturer's instructions (Roche Molecular Biochemicals). The 3Ј-terminal 940 nts and the 5Ј-terminal 980 nts of GVA cloned into pGEM-3Z (Promega) were used to synthesize positive-or negative-stranded RNA-specific probes using either SP6 or T7 RNA polymerase. In addition, the complete sequence of each of the ORFs 2-5 was amplified by PCR with primers specific to both ends of the corresponding ORF. The PCR products were cloned into pGEM-3Z vector (Promega) and used to synthesize RNAspecific probes with either SP6 or T7 RNA polymerase.
Determination of the 5Ј and 3Ј ends of sgRNAs
Extract of GVA dsRNA was used as a template to determine the 3Ј and the 5Ј ends of the 5.5-kb 5Ј-terminal and the 1.8-kb 3Ј-terminal sgRNAs, respectively. The dsRNA was denatured with methyl mercury hydroxide and was 3Ј-polyadenylated according to Galiakparov et al. (1999) . The cDNA synthesis was carried out with a chimeric deoxyoligonucleotide primer consisting of an adaptor and an oligo(dT) (M36141) as described by Galiakparov et al. (1999) . Amplification of the 3Ј end of the 5.5-kb 5Ј-sgRNA was done with the primer pair GVA014 plus M19870 [an adaptor primer similar to M36141 but lacking the oligo(dT)], or with the pair GVA231348 plus M19870. Amplification of the 5Ј end of the 1.8-kb 3Ј-sgRNA was done with the primer pair GVA1149 plus M19870. The RT-PCR products, amplified with Super-Therm DNA polymerase (MBI Fermentas), were isolated after agarose gel electrophoresis were cloned into pDrive-AT vector according to the manufacturer's instructions (QIAGEN). Nucleotide sequencing was performed by a commercial facility (MBC, Rehovot, Israel).
Runoff transcription reaction
The primer extension analysis was done on a poly(A)RNA extracted from GVA-infected N. benthamiana plants according to Cleaver et al. (1996) . A [␥ 32 P]ATPlabeled GVA205039 primer (Table 1) was used for cDNA extension according to Karasev et al. (1995) . The reaction mix was separated on a 6% polyacrylamide electrophoresis gel and run in parallel with a size marker consisting of the sequencing product of GVA obtained with primer GVA205039.
